Dunn KM, Renic M, Flasch AK, Harder DR, Falck J, Roman RJ. Elevated production of 20-HETE in the cerebral vasculature contributes to severity of ischemic stroke and oxidative stress in spontaneously hypertensive rats. Am J Physiol Heart Circ Physiol 295: H2455-H2465, 2008. First published October 17, 2008 doi:10.1152/ajpheart.00512.2008.-Hypertension is a major risk factor for stroke, but the factors that contribute to the increased incidence and severity of ischemic stroke in hypertension remain to be determined. 20-hydroxyeicosatetraenoic acid (20-HETE) has been reported to be a potent constrictor of cerebral arteries, and inhibitors of 20-HETE formation reduce infarct size following cerebral ischemia. The present study examined whether elevated production of 20-HETE in the cerebral vasculature could contribute to the larger infarct size previously reported after transient middle cerebral artery occlusion (MCAO) in hypertensive strains of rat [spontaneously hypertensive rat (SHR) and spontaneously hypertensive stroke-prone rat (SHRSP)]. The synthesis of 20-HETE in the cerebral vasculature of SHRSP measured by liquid chromatography-tandem mass spectrometry was about twice that seen in Wistar-Kyoto (WKY) rats. This was associated with the elevated expression of cytochrome P-450 (CYP)4A protein and CYP4A1 and CYP4A8 mRNA. Infarct volume after transient MCAO was greater in SHRSP (36 Ϯ 4% of hemisphere volume) than in SHR (19 Ϯ 5%) or WKY rats (5 Ϯ 2%). This was associated with a significantly greater reduction in regional cerebral blood flow (rCBF) in SHR and SHRSP than in WKY rats during the ischemic period (78% vs. 62%). In WKY rats, rCBF returned to 75% of control following reperfusion. In contrast, SHR and SHRSP exhibited a large (166 Ϯ 18% of baseline) and sustained (1 h) postischemic hyperperfusion. Acute blockade of the synthesis of -formamidine (HET0016; 1 mg/kg) reduced infarct size by 59% in SHR and 87% in SHRSP. HET0016 had no effect on the fall in rCBF during MCAO but eliminated the hyperemic response. HET0016 also attenuated vascular O2
Previous studies have indicated that arachidonic acid (AA) is released into cerebrospinal fluid following cerebral ischemia (1, 31, 42, 56) . AA is converted by cytochrome P-450 (CYP) enzymes in cerebral arteries to a potent vasoconstrictor, 20-hydroxyeicosatetraenoic acid (20-HETE) (15, 16, 32) . 20 -HETE has been reported to play an important role in the regulation of cerebral vascular tone by regulating the open state probability of calcium-activated potassium channels (32) . It also promotes the formation of oxygen radicals (15, 16, 20, 33, 36, 59 ) and contributes to endothelial dysfunction (35, 42, 45, 49, 62) . More recently, inhibitors of the synthesis of 20-HETE have been reported to reverse the fall in cerebral blood flow (CBF) following subarachnoid hemorrhage (SAH) (3, 21, 28, 35, 55) and reduce infarct size following transient cerebral ischemia (35, 42, 45, 57) . These findings suggest that 20-HETE contributes to vasospasm following SAH and ischemia-reperfusion injury in the brain.
The spontaneously hypertensive stroke-prone rat (SHRSP) is a genetic model of spontaneous hypertension, stroke, and endothelial dysfunction (2, 6, 9, 22, 29, 38, 50, 53) . Although the SHRSP was bred as a model system of spontaneous hemorrhagic stroke (43, 66) , SHRSP, like spontaneously hypertensive rat (SHR), exhibit an increased sensitivity to cerebral ischemia (5, 9) , and infarct volume following transient middle cerebral artery (MCA) occlusion (MCAO) is much larger than that seen in normotensive strains. This increased sensitivity to cerebral ischemia has been suggested to be linked to a reduced dilator capacity of the cerebral circulation due to hypertension-induced vascular remodeling and endothelial dysfunction (7, 8, 22, 24) . However, the mechanisms leading to cerebral vascular dysfunction in the cerebral circulation of SHR or SHRSP have not been thoroughly explored.
A 1997 genetic linkage analysis in SHRSP and WistarKyoto (WKY) rats indicated that infarct size following MCAO cosegregates with a region on rat chromosome 5 that encompasses the four CYP genes of the 4A family that produce 20-HETE (26) . Other studies have indicated that the formation of 20-HETE in the kidney (25, 41, 51, 52, 64) and in mesenteric arteries (68) is greater in SHR than in WKY rats. These findings suggest that the synthesis of 20-HETE may be elevated in the vasculature of hypertensive rats, but there has been no previous attempt to measure and compare eicosanoid production in the cerebral circulation of SHR or SHRSP with that in normotensive strains. Thus the present study compared the expression of CYP4A isoforms and the formation of eicosanoids in the cerebral vasculature of SHR, SHRSP, and WKY rats. We also examined the contribution of cerebral vascular 20-HETE formation to the increased infarct size following transient cerebral ischemia and the cerebral vascular oxidative stress and endothelial dysfunction previously reported in SHR.
MATERIALS AND METHODS
Animals. Experiments were performed in 9-to 10-wk-old inbred male SHR, SHRSP, and WKY rats obtained from Charles River Laboratories (Wilmington, MA). The present studies were performed in these relatively young animals since this is the time that SHR and SHRSP begin to enter the established phase of hypertension, and the previous work on the genetics of ischemic stroke was performed in this age range to minimize the influence of hypertension-induced vascular injury and remodeling on infarct size (19, 26) . This is also an age at which previous studies have indicated that the renal production of 20-HETE is markedly elevated in SHR and that inhibitors of the formation of 20-HETE blunt the development of hypertension (12, 47) .
The rats were maintained in the Animal Care Facility at the Medical College of Wisconsin that is approved by the American Association for the Accreditation of Laboratory Animal Care. The rats were maintained on a 12-h:12-h light-dark cycle and had free access to standard rat chow (Cat. No. 5010; Purina Mills, St. Louis, MO) and water. All protocols were approved by the Animal Care and Use Committee of the Medical College of Wisconsin.
Measurement of systolic blood pressures. Systolic blood pressures were measured in conscious SHR, SHRSP, and WKY rats using a tail-cuff blood pressure system (Hatteras Instruments, Cary, NC).
DOCA salt hypertension in WKY rats. Normotensive WKY rats were treated with DOCA salt to induce hypertension. Six-week-old male WKY rats were uninephrectomized, and a 21-day timed-release DOCA salt pellet (200 mg; Innovative Research of America, Sarasota, FL) was implanted subcutaneously. After a 4-day recovery period, the rats were given a 1% solution of sodium chloride to drink. After 3 wk, systolic blood pressure was measured by tail cuff and cerebral arteries were collected for measurement of eicosanoids.
Measurement of eicosanoid production in cerebral vasculature. Cerebral vessels were isolated from the brains of SHR, SHRSP, and WKY rats, and DOCA hypertensive WKY rats using an Evans blue sieving procedure. The rats were anesthetized with 2.0% isoflurane. Following bilateral cannulation of the carotid arteries, the cerebral circulation was flushed with 10 ml ice-cold Tyrode solution containing (in mmol/l) 145 NaCl, 5 KCl, 4.2 NaHCO 3, 1 MgCl2, 0.05 CaCl2, 10 HEPES, and 10 glucose. The cerebral circulation was then filled with a Tyrode solution containing 6.0% albumin and 0.2% Evans blue dye to visualize the cerebral circulation. The brain was quickly removed and pushed through a 150-m metal screen to separate the cerebral vasculature from brain parenchymal tissue. Blood vessels trapped on the top of the screen were collected and placed in a cold physiological salt solution (PSS) containing (in mmol/l) 119 NaCl, 4.7 KCl, 1.17 MgSO 4, 1.6 CaCl2, 1.18 NaH2PO4, 24 NaHCO3, 0.03 EDTA, 5.5 dextrose, and 5 HEPES. The cerebral vessels were incubated at 37°C in 1 ml of PSS containing 1 mmol/l NADPH, 2 mol/l indomethacin, and 40 mol/l AA. The reactions were gently swirled for 90 min under an atmosphere of 100% O2, which is sufficient to maintain PO2 levels in the incubation media in the range of 100 -150 Torr throughout the experiment. The reactions were terminated by acidification to pH 3.5 with formic acid, and the vessels were homogenized in the reaction buffer. The homogenate was extracted with ethyl acetate, and the organic layer was dried under nitrogen. Samples were reconstituted in methanol, and the metabolites formed were separated on a C18 column (150 ϫ 2.1 mm, 3 m Betabasic; Thermo Hypersil-Keystone) at a flow rate of 0.2 ml/min using an isocratic elution with a 51:9:40:0.01 mixture of acetonitrile:methanol:water: acetic acid for 30 min followed by a step gradient to 68:13:19:01 acetonitrile:methanol:water:acetic acid for 15 min. The effluent was ionized using a negative ion electrospray source, and the peaks eluting with a mass/charge ratio (m/z) of 319 Ͼ 301 [HETEs and epoxyeicosatrienoic acid (EETs)], 337 Ͼ 319 (DiHETEs), or 323 Ͼ 270 (internal standard) were monitored using an Applied Biosystems triple quadrupole mass spectrometer (API 3000; Foster City, CA).
Surrounding cortical brain tissue devoid of vessels was also collected and homogenized in a 10 mmol/l potassium phosphate buffer (pH 7.7) containing (in mmol/l) 250 sucrose, 1 EDTA, and 0.1 PMSF. The homogenates were centrifuged for 5 min at 3,000 g, and the supernatant was then centrifuged for 30 min at 11,000 g. The supernatants were centrifuged for 1 h at 100,000 g to obtain a microsomal fraction. The microsomal pellet was resuspended in 100 mmol/l potassium phosphate buffer (pH 7.25) containing 1 mmol/l EDTA, 1 mmol/l DTT, 0.1 mmol/l PMSF, and 30% glycerol. The microsomes (0.5 mg) were incubated in 0.1 M potassium phosphate buffer (pH 7.4) containing 1 mmol/l NADPH and 40 mol/l AA at 37°C for 60 min under an atmosphere of 100% O2. The products formed were measured by liquid chromatography-tandem mass spectrometry (LC/ MS) as described above.
Expression of CYP4A mRNA in cerebral arteries. Cerebral vessels were obtained as described in Measurement of eicosanoid production in cerebral vasculature and placed in Trizol (Invitrogen, Carlsbad, CA). The vessels were homogenized and extracted with chloroform, and total RNA was then precipitated with isopropanol. The RNA pellets were resuspended in 50 l diethyl pyrocarbonate-treated water, and the concentration of RNA was determined by measuring the 260-to-280 nm absorbance ratio. One microgram of total RNA was reverse transcribed using a SuperScript III first-strand cDNA synthesis kit (Invitrogen). Quantitative real-time PCR was performed on 100 ng cDNA using Power SYBR Green Master Mix (Applied Biosystems) and a Mx3000p real-time PCR system (Stratagene, La Jolla, CA).
The Cyp4A1, -2, -3, and -8 isoforms were amplified using the primer pairs presented in Table 1 , and 18S was amplified as the reference gene. The Cyp4A1 and -4A8 isoforms were amplified for 40 cycles at 95°C for 30 s, 60°for 1 min, and 72°C for 30 s. A previously described touchdown PCR approach was used to achieve specific priming of 4A2 and 4A3 isoforms in which an annealing temperature of 70°C was used for the first 10 cycles, followed by 30 cycles at 60° ( 11) . The results were normalized and quantified by using the ⌬C t method (61) . Expression of CYP4A protein in cerebral arteries. Cerebral arteries were microdissected from freshly excised brains of WKY rats and SHRSP. The samples were homogenized in potassium phosphate buffer (pH 7.7) containing (in mmol/l) 250 sucrose, 1 EDTA, and 0.1 PMSF. The homogenates were centrifuged for 5 min at 3,000 g, and the supernatant was then centrifuged for 30 min at 11,000 g. Aliquots of the samples (30 g protein) were loaded onto a 10% Tris ⅐ HCl SDS-PAGE gel, separated by electrophoresis, and transferred to a nitrocellulose membrane. Membranes were blocked overnight in Odyssey blocking buffer (Cat. No. 927-40000; LI-COR Biosciences, Lincoln, NE) and then probed simultaneously with a 1:2,000 dilution of goat anti-rat CYP4A1 antibody (Daiichi Pure Chemicals, Tokyo, Japan) and a 1:10,000 dilution of mouse anti-rat ␤-actin antibody (Santa Cruz Biotechnology, Santa Cruz, CA) for 2 h. The primary antibodies were washed with PBS containing 0.1% Tween, and the membranes were probed with a 1:10,000 dilution of IRDye800 donkey anti-goat and a 1:20,000 dilution of IRDye700 donkey anti-mouse fluorescent secondary antibodies (Rockland Immunochemicals, Gilbertsville, PA). The membranes were scanned, bands were quantified using the Odyssey infrared imaging system (LI-COR Biosciences), and CYP4A expression was normalized against the ␤-actin bands.
MCAO model of cerebral ischemia. Experiments were performed on SHR, SHRSP, and WKY rats treated with vehicle or N-hydroxy-NЈ-(4-butyl-2-methylphenyl)-formamidine (HET0016) to determine whether there are strain differences in regional CBF (rCBF) and infarct volumes following transient cerebral ischemia and reperfusion and to determine the contribution of 20-HETE to these differences. The control animals (8 SHR, 8 SHRSP, and 6 WKY rats) received an intravenous infusion of the vehicle used for HET0016 (11% sulfobutylether-7-␤-cyclodextrin in an isotonic mannitol solution) at a rate of 0.3 ml/h throughout the experiment. Additional experiments were performed on six SHR and six SHRSP that received a 1 mg/kg iv bolus injection of HET0016 5 min before the initiation of ischemia followed by a continuous infusion at a dose of 1 mg ⅐ kg Ϫ1 ⅐ h Ϫ1 . The rats were subjected to a modified transient MCAO model of cerebral ischemia and reperfusion as previously described (37) . Anesthesia was induced using 4% isoflurane in 70% N2-30% O2 gas mixture, and a surgical plane of anesthesia was maintained throughout the experiments using 2% isoflurane. Cannulas were placed in the femoral artery and vein for measurement of mean arterial pressure (MAP) and intravenous infusions. The skull was exposed, and the bone was thinned bilaterally, 6 mm lateral and 2 mm posterior to bregma, for measurement of rCBF using laser Doppler flowmetry. The external carotid artery was ligated, and the common carotid was tied off to force reperfusion to occur through the collateral circulation. An 18-mm segment of nylon suture (4-0; Ethicon) coated at the tip with silicon (Xantopren VL plus; Heraeus Kulzer Dental Products Division, South Bend, IN) was inserted into the left internal carotid artery and advanced to the origin of the MCA until rCBF fell by 80%. After 60 min of MCAO, the suture was removed to allow reperfusion. rCBF and MAP were recorded continuously for 60 min ischemia and 90 min reperfusion, after which the femoral catheters were removed and the animal was allowed to recover from anesthesia. Twenty-four hours following reperfusion, animals were reanesthetized with 4% isoflurane. The brain was removed and cut into six 2-mm-thick slices. The slices were immersed in a 2% solution of triphenyltetrazolium chloride for 10 min at 37°C. The slices were then fixed in 4% (vol/vol) buffered paraformaldehyde solution. Infarct size expressed as the percentage of the volume measured in the ipsilateral hemisphere was measured using Metamorph Image Analysis software (Molecular Devices, Downington, PA).
O2
•Ϫ measurement in cerebral arteries. Superoxide production was measured by incubation of cerebral arteries with dihydroethidium (DHE) with subsequent fluorescent detection of the production of 2-hydroxyethidium (EOH) by HPLC as previously described (10, 13) . The rats were anesthetized using 4% isoflurane in 70% N2-30% O2 gas mixture. Catheters (PE-50) were inserted bilaterally into the common carotid arteries, and the blood was flushed from the cerebral circulation with 10 ml ice-cold Tyrode buffer (pH 7.4) with the following composition (in mmol/l) of 145 NaCl, 6.0 KCl, 0.05 CaCl2, 4.2 NaHCO 3, 1.0 MgCl2, 10 HEPES, and 10 glucose. The cerebral circulation was then filled with 10 ml of Tyrode buffer containing 6% albumin and 0.2% Evans blue. The rats were euthanized by decapitation, and brains were excised and forced through a mesh screen (106 m) to isolate cerebral arteries (Circle of Willis and pial arteries) from the surface of the brain as well as the penetrating pial arterioles. The isolated cerebral arteries were collected from the screen, and adherent parenchymal tissue was removed by microdissection. Cerebral arteries isolated from one rat were divided among four aliquots and placed in 1 ml Krebs-HEPES buffer containing (in mmol/l) 99.0 NaCl, 4.7 KCl, 1.7 CaCl 2, 1.2 MgSO4, 1.03 NaH2PO4, 25.0 NaHCO3, 20.0 HEPES, and 11.0 glucose. The incubations were treated with vehicle, 1 mol/l HET0016 to inhibit the formation of 20-HETE, 100 U/ml polyethylene glycol-superoxide dismutase (PEG-SOD) as a negative control, or 20 mol/l of the redox cycling agent menadione as positive control for O 2 •Ϫ formation. The vessels were preincubated for 1 h with the various compounds under an atmosphere of 95% O 2-5% CO2 at 37°C. DHE (50 mol/l) was then added to each sample for 15 min. After 15 min incubation, the vessels were washed of DHE with 1 ml fresh Krebs-HEPES buffer six times for 5 min each and then homogenized in 0.6 ml Krebs-HEPES buffer containing 0.1% Triton X. An aliquot of the homogenate was removed to measure protein concentration, the samples were extracted with 0.8 ml water-saturated butanol, and the supernatant was collected and dried under nitrogen. The samples were reconstituted with 0.1 ml methanol. DHE, EOH, and ethidium were separated by HPLC on a C18 reverse phase column (250 ϫ 4.6 mm; Altec) using a linear gradient ranging from 37-46% acetonitrile in water and 0.1% trifluoroacetic acid over a period of 30 min at a flow rate of 0.5 ml/min. The ethidium and EOH peaks were monitored with a fluorescent detector using an excitation wavelength of 480 nm and emission wavelength of 580 nm. DHE was detected spectrophotometrically by monitoring absorbance at 355 nm.
Contribution of 20-HETE to endothelial dysfunction in MCA of SHRSP. Isolated MCAs were mounted onto glass micropipettes in a pressure myograph chamber as previously described (44) . Briefly, animals were anesthetized with 4% isoflurane in 70% N 2-30% O2 gas mixture. The brain was rapidly excised and placed in a Petri dish containing cold PSS with the following ionic composition (in mmol/l) of 119 NaCl, 4.7 KCl, 1.6 CaCl 2, 1.17 MgSO4, 1.18 NaH2PO4, 24 NaHCO 3, 5.5 dextrose, 5.0 HEPES, and 0.03 EDTA. MCAs were microdissected under a stereomicroscope (Leica, Bannockburn, IL) and quickly immersed in PSS at 37°C bubbled with 21% O2-5% CO 2-74% N2 gas mixture in a superfusion chamber. MCAs were cannulated with glass micropipettes (100 -150 m; FHC, Brunswick, ME) and pressurized with PSS to 40 mmHg. The cannulated vessels were visualized using a videomicroscopy system (Zeiss, Thornwood, NY; and COHU Electronics, San Diego, CA), and vascular diameter was measured using a videomicrometer (Boeckeler Instruments, Tucson, AZ). The superfusate in the chamber was maintained at pH 7.4 for the duration of the experiment. After a 60-min equilibration period, the MCAs were preconstricted with serotonin (100 mol/l) and then vascular reactivity to 10 Ϫ9 -10 Ϫ5 mol/l ACh in the presence of indomethacin (5 mol/l) was assessed. Experiments were performed using MCAs isolated from WKY rats and SHRSP and in SHRSP pretreated for 2 days with HET0016 (1 mg/kg ip twice daily) to chronically reduce the synthesis of 20-HETE. The concentration response curve to ACh in MCAs from HET0016-treated SHRSP was also reassessed following the addition of 1 mmol/l N G -nitro-L-arginine-methyl ester (L-NAME) to the bath to verify that the restored dilation responses to ACh were nitric oxide (NO) dependent.
Statistical analysis.
Mean values Ϯ SE are presented. The significance of differences in mean values between and within groups was determined using ANOVA followed by Holm-Sidak post hoc test. P Ͻ 0.05 was considered significant.
RESULTS

Blood pressure.
Cerebral vascular eicosanoid formation. A representative example of the appearance of the vessels isolated by an Evans blue sieving procedure is presented in Fig. 1A . The procedure typically yields a relatively pure preparation of cerebral vessels free of brain parenchymal tissue, but there are some adherent perivascular neural tissue that can be microdissected from the vessels. The results of experiments to establish the reaction conditions for the isolated vessels, and to ensure that the eicosanoids were enzymatically produced, are presented in Fig.  1 , B-D. Baseline levels of 20-HETE in vessels that were placed in cold PSS but not incubated averaged Ͻ1 ng/mg vessel protein. When the vessels were incubated with AA and NADPH, 20-HETE levels increased linearly for up to 90 min by more than 30-fold (Fig. 1B) . Incubation of the vessels for 90 min with substrate (AA) alone in the absence of exogenous NADPH had little effect on the production of 20-HETE. Incubation of the vessels with NADPH for 90 min in the absence of added substrate increased the levels of 20-HETE by two-to threefold over control. The incubation of aliquots of these same vessels with both AA and NADPH markedly increased 20-HETE levels. Moreover, the production of 20-HETE by the vessels was reduced by more than 90% by the addition of 1 M HET0016 to the incubations (Fig. 1D) .
Representative LC/MS chromatograms showing the typical profile of HETEs and EETs produced by cerebral vessels obtained from SHR, SHRSP, and WKY rats are presented in Fig. 2 . Cerebral arteries avidly produced 5-, 12-, 15-, and 20-HETE; 14,15-, 11,12-, 8,9-, and 5,6-DiHETEs; and 14,15-EET with lesser quantities of 11-and 8-HETE and 11,12-EET. The formation of 5-, 8-, 11-, 12-, and 15-HETE in the cerebral vasculature did not differ between the strains. In contrast, the production of 20-HETE in the cerebral vasculature of SHRSP was 62% greater compared with that seen in WKY rats and 22% greater than that seen in SHR (Fig. 3) . The production of 20-HETE by cerebral cortical tissue was much lower than that seen in cerebral arteries. 20-HETE production by microsomes prepared from cerebral cortex was not significantly different in SHR, SHRSP, and WKY rats and averaged 0.11 Ϯ 0.01, 0.14 Ϯ 0.01, and 0.14 Ϯ 0.03 pmol⅐min Ϫ1 ⅐mg Ϫ1 protein, respectively.
Additional studies were performed to determine whether the difference in the production of 20-HETE in the cerebral vasculature of SHRSP and WKY rats might be secondary to the development of hypertension. We compared 20-HETE production in cerebral vasculature of normotensive WKY rats with that seen in WKY rats treated with DOCA salt to induce the same level of hypertension as that seen in the SHRSP. The production of 20-HETE in the cerebral vasculature of DOCA hypertensive WKY rats was not different from the levels seen in the normotensive WKY despite elevated blood pressures (0.142 Ϯ 0.029 and 0.228 Ϯ 0.028 pmol⅐min Ϫ1 ⅐mg Ϫ1 protein, respectively).
A comparison of the production of EETs in cerebral arteries and microsomes prepared from the brain of SHR, SHRSP, and WKY rats is presented in Fig. 4 . The production of 11,12-EET measured in microsomes prepared from brain tissue was greater than that measured in cerebral arteries, while the production of 14,15-EET was greater in cerebral arteries than in the brain. The production of 11,12-EET measured in cerebral arteries and 11,12-and 14,15-EETs in brain microsomes was lower in SHR than in SHRSP and WKY rats. In contrast, the production of 14,15-EET measured in cerebral arteries was greater in SHR than in WKY rats. No significant differences were seen in the production of EETs in the cerebral vasculature or brain tissue of SHRSP and WKY rats.
Expression of CYP4A in cerebral arteries. A comparison of mRNA expression of CYP4A isoforms in the cerebral vasculature of SHR, SHRSP, and WKY rats is presented in Fig. 5 . The expression of CYP4A1 and CYP4A8 mRNA in the cerebral arteries of WKY rats was very low (Ct Ͼ 45 cycles). The expression of CYP4A1 and -4A8 isoforms in the cerebral arteries of SHRSP is markedly higher than in WKY rats. The expression of CYP4A3 is significantly greater in both hypertensive strains than in WKY rats. We could not detect the expression of CYP4A2 mRNA in the cerebral vasculature of SHR, SHRSP, and WKY rats. The expression of CYP4A protein in the cerebral vasculature is slightly elevated in SHR compared with that in WKY rats and is significantly greater in SHRSP compared with that seen in WKY rats and SHR (Fig. 6) .
The effect of an inhibitor of the synthesis of 20-HETE on infarct volume in SHR and SHRSP. Infarct volume following 60 min ischemia and 24 h reperfusion was minimal in WKY rats, much larger in SHR, and very large in SHRSP (Fig. 7) . The administration of the 20-HETE synthesis inhibitor HET0016 markedly reduced infarct volume in both SHR and SHRSP, but it did not significantly reduce or prevent the small subcortical infarct observed in WKY rats. (Fig. 8A) . In WKY rats, rCBF fell to 27 Ϯ 3% of baseline, 5 min following MCAO, and then recovered to 38 Ϯ 5% after 15 min of occlusion. It remained at this level throughout the ischemic period. The decline in rCBF with MCAO was similar in SHR and SHRSP, falling to 15 Ϯ 2% and 22 Ϯ 4% of baseline, respectively. However, in contrast with that of WKY rats, rCBF did not increase during MCAO in either SHR or SHRSP, suggesting a reduced ability to recruit collateral flow to the region of focal ischemia in both these hypertensive strains. In WKY, rCBF returned to 75% of the baseline value during the reperfusion period. In contrast, there was a marked and prolonged hyperperfusion of the region of focal ischemia in both SHR and SHRSP, reaching a maximum of 166 Ϯ 12% in SHR and 163 Ϯ 18% in SHRSP. rCBF remained elevated for 30 min following reperfusion in SHR and 45 min in SHRSP. The administration of HET0016 had no effect on the fall in rCBF during MCAO in SHR or SHRSP (Fig. 8A) . However, inhibition of 20-HETE synthesis with HET0016 prevented the hyperperfusion following the withdrawal of the occlusion in both SHR and SHRSP. The administration of HET0016 during cerebral ischemia and reperfusion did not alter the pattern of rCBF in WKY rats.
The effect of a 20-HETE inhibitor on rCBF during transient cerebral ischemia and reperfusion in SHR and
The effect of a 20-HETE inhibitor on MAP. Baseline MAP under anesthesia averaged about 140 mmHg in the SHR and SHRSP (Fig. 8B) •Ϫ formation in cerebral arteries of WKY and SHRSP (Fig. 9) . The formation of EOH was 1.6-fold greater in SHRSP than in WKY rats. Incubation with HET0016 (1 M) significantly attenuated the formation of O 2
•Ϫ in cerebral arteries obtained from SHRSP but had no effect on cerebral vascular O 2
•Ϫ formation in WKY rats. In all samples, PEG-SOD attenuated O 2
•Ϫ formation and menadione robustly stimulated O 2
•Ϫ formation (data not shown). Contribution of 20-HETE to endothelial dysfunction in MCA of SHRSP. Vascular reactivity to the endothelium-dependent agonist ACh in MCAs isolated from SHRSP and WKY rats is presented in Fig. 10 . Maximal dilation of serotonin-preconstricted MCAs to 10 Ϫ5 M ACh is 71.4 Ϯ 11.6% in WKY rats compared with 24.8 Ϯ 6.5% in SHRSP. Chronic inhibition of 20-HETE synthesis with HET0016 restores endotheliumdependent dilation in MCAs of SHRSP to 58 Ϯ 10%. The response to ACh in MCAs from HET0016-treated SHRSP is blocked by L-NAME, indicating the response is NO dependent.
DISCUSSION
Previous studies have indicated that the SHR and SHRSP strains are useful models of hypertension and vascular dysfunction (7-9, 22, 53, 65) . These rats also exhibit a marked increase in sensitivity to cerebral ischemia and develop larger cerebral infarcts following MCAO than normotensive strains (9) . The increased sensitivity of SHR and SHRSP to cerebral ischemic injury has been attributed to an impaired ability to recruit collateral flow to the ischemic penumbra, perhaps due to hypertension-induced vascular remodeling and vascular oxidative stress (7, 8, 22, 24) . However, the factors that contribute to cerebral vascular dysfunction in SHR remain poorly understood. Fig. 9 . Effect of the 20-HETE synthesis inhibitor HET0016 (1 mol/l) on the production of 2-hydroxyethidium (EOH; in ng/mg protein) in intact cerebral arteries of WKY and SHRSP. n, Number of samples in each group. †Signif-icant difference from the corresponding value in WKY rats; *significant difference from the corresponding control value within a group. Previous studies have shown that the formation of 20-HETE in the kidney (25, 41, 51, 52, 64) and in mesenteric arteries (68) is markedly elevated during the development of hypertension in SHR. Since 20-HETE is a potent vasoconstrictor, several investigators have postulated that elevated vascular production of 20-HETE may contribute to the development of hypertension in this strain. The finding that inhibitors of the synthesis of 20-HETE lower blood pressure by 10 -15 mmHg in SHR is consistent with this hypothesis (52, 64) . 20-HETE is also a potent constrictor of cerebral arteries, and the blockade of this pathway reduces infarct size following transient cerebral ischemia in normotensive rats (16, 32, 35, 40, 42, 45) . However, the effect of 20-HETE inhibitors on ischemic stroke in hypertensive rats has not been determined. The present study examined whether the expression of CYP4A and the production of 20-HETE are elevated in the cerebral vasculature of SHR compared with normotensive rats and whether 20-HETE contributes to the increased sensitivity to cerebral ischemia and vascular oxidative stress previously reported in SHR and SHRSP.
Our results indicate that the production of 20-HETE in the cerebral vasculature of SHRSP is about twice that seen in WKY rats, and this is associated with a marked overexpression of CYP4A1 and -4A8 mRNA in the cerebral vasculature of SHRSP relative to the almost undetectable levels observed in WKY rats. CYP4A3 was the major isoform expressed in the cerebral vasculature of WKY rats, and the expression of this isoform was about twofold higher in SHRSP than in WKY rats. Overexpression of CYP4A was observed at the protein level as well, with a 12% and 40% increase in the expression in SHR and SHRSP, respectively, compared with that of WKY rats.
The elevated production of 20-HETE in SHRSP was specific to the cerebral vasculature since we found that there was no difference in the production of 20-HETE in microsomes prepared from the cortical brain tissue of WKY and SHRSP. This finding is of particular interest given that microsomes are enriched in CYP protein and suggests that the capacity for 20-HETE synthesis is much greater in vascular tissue than in neuronal tissue. There were no significant differences in the production of other HETEs and EETs by the cerebral vasculature of SHRSP and WKY rats, whereas cerebral vascular 11,12-EET formation was decreased and 14,15-EET formation was increased in SHR compared with WKY rats. The formation of both 11,12-and 14,15-EET was reduced in cortical microsomes of SHR compared with WKY rats. These results indicate a possible impairment in EET synthesis in SHR, although the physiological significance of this is not known. Interestingly, the production of 20-HETE was five-to 10-fold greater than the production of 11,12-or 14,15-EET in the cerebral vasculature in all strains.
We also found that the production of 20-HETE in the cerebral vasculature was similar in control WKY rats and a group treated with DOCA salt to raise blood pressure to the same level as that seen in the spontaneously hypertensive strains. This finding suggests that the difference in the production of 20-HETE in the cerebral vasculature of SHRSP and WKY rats cannot be explained by the difference in blood pressure alone in these two strains.
Additional studies were performed to determine whether the elevated production of 20-HETE in the cerebral vasculature of the SHRSP contributes to differences in rCBF and infarct size relative to normotensive WKY rats following transient MCAO.
The present results confirm previous findings that infarct volume following transient MCAO is much larger in SHRSP than in WKY rats (9, 26) . Infarct size in SHR was intermediate between these two strains.
The increased infarct size following transient MCAO was associated with a greater reduction in rCBF in the hypertensive strains than in WKY rats during the ischemic period (78% vs. 62% of baseline, respectively), as well as with a marked and sustained period of hyperperfusion (160% of baseline) following withdrawal of the occlusion.
Administration of HET0016, a selective inhibitor of the synthesis of 20-HETE, markedly reduced infarct volume in both SHR and SHRSP. Previous studies have examined the therapeutic potential of HET0016 in treating ischemic stroke by the administration of HET0016 at various time points following the initiation of cerebral ischemia. In the present study, animals were pretreated with HET0016 for 5 min before MCAO to determine the contribution of 20-HETE to ischemic stroke outcomes in normotensive and hypertensive rats. Administration of HET0016 also reduced MAP in SHR and SHRSP by about 30 mmHg, which is consistent with previous suggestions that elevated vascular production of 20-HETE may contribute to increased peripheral vascular tone and the maintenance of hypertension in the SHR (17, 30, 52, 63, 64, 67) . This reduction in MAP in SHR and SHRSP may also contribute to the reduction in infarct size with HET0016 treatment by reducing the driving force for edema formation.
Surprisingly, inhibition of 20-HETE synthesis had no effect on baseline rCBF or the fall in rCBF during MCAO. However, it completely prevented the hyperperfusion in the hypertensive strains following removal of the MCA occlusion. Postischemic cerebral hyperperfusion has been previously reported in cats, rats, and rabbits and has been correlated with the duration or severity of ischemia (14, 23, 27, 34, 48, 54, 58 ). This phenomenon has been associated with vasoparalysis indicated by a loss Fig. 10 . Effect of chronic inhibition of the synthesis of 20-HETE with HET0016 (10 mg ⅐ kg Ϫ1 ⅐ day Ϫ1 sc for 2 days) on vascular reactivity of serotonin-preconstricted middle cerebral arteries to ACh in SHRSP. †Signifi-cant difference from the corresponding value in WKY rats; ‡significant difference from corresponding control value within a strain; *significant difference from corresponding values in HET0016-treated SHRSP. L-NAME, N G -nitro-L-arginine-methyl ester.
of CBF autoregulation and vascular responsiveness to CO 2 (18) . There is evidence that hyperperfusion following transient cerebral ischemia may contribute to cerebral ischemia-reperfusion injury through the disruption of the blood-brain barrier and edema formation (27, 34) as well as by promoting infiltration of macrophages, inflammation, and increased reactive oxygen species (ROS) formation (27, 34, 58, 60) . The mechanism by which the inhibition of 20-HETE synthesis prevents the observed hyperperfusion following cerebral ischemia in SHR and SHRSP cannot be determined by the present results. However, 20-HETE has recently been shown to stimulate formation of ROS by interactions with NADPH oxidase and uncoupling of NO synthase (NOS) (4, 39, 62) , and there is evidence that the phenomenon of postischemic hyperperfusion may be associated with impairment of vascular reactivity by the elevated production of ROS in cerebral ischemia and reperfusion (27, 34, 48, 58) . This suggests that the effect of the 20-HETE inhibitor on postischemic cerebral hyperperfusion and on infarct size in SHR and SHRSP may be due to a reduction in cerebral ROS production, which may in itself be neuroprotective, and also may reduce secondary neural damage associated with vascular leakage and cerebral edema and inflammation.
In support of this hypothesis, we found that basal cerebral vascular O 2
•Ϫ formation is elevated in SHRSP, and that inhibition of 20-HETE synthesis reduced O 2
•Ϫ formation by 60% in SHRSP to a level similar to that observed in WKY. In addition, chronic 20-HETE synthesis inhibition restored endothelium-dependent dilation in cerebral arteries of SHRSP, suggesting that 20-HETE plays a role in generating oxidative stress and vascular dysfunction in SHRSP.
In summary, the results of the present study indicate that CYP4A expression and 20-HETE production are elevated in the cerebral vasculature of SHRSP and that blockade of the synthesis of 20-HETE markedly reduces infarct size, postischemic cerebral hyperperfusion, and cerebral vascular ROS formation and endothelial dysfunction seen in this strain. These findings are consistent with the view that that elevated vascular production of 20-HETE contributes to the increased sensitivity to cerebral ischemia-reperfusion injury in SHRSP.
